Clp ATPases are ring-shaped AAA+ motors in the degradation pathway that perform critical actions of unfolding and translocating substrate proteins (SPs) through narrow pores to deliver them to peptidase components. These actions are effected by conserved diaphragm-forming loops found in the central channel of the Clp ATPase hexamer. Conformational changes, that take place in the course of repetitive ATP-driven cycles, result in mechanical forces applied by the central channel loops onto the SP. We use coarsegrained simulations to elucidate allostery-driven mechanisms of unfolding and translocation of a tagged four-helix bundle protein by the ClpY ATPase. Unfolding is initiated at the tagged C-terminal region via an obligatory intermediate. The resulting nonnative conformation is competent for translocation, which proceeds on a different time scale than unfolding and involves sharp stepped transitions. Completion of the translocation process requires assistance from the ClpQ peptidase. These mechanisms contrast nonallosteric mechanical unfolding of the SP. In atomic force microscopy experiments, multiple unfolding pathways are available and large mechanical forces are required to unravel the SP relative to those exerted by the central channel loops of ClpY. SP threading through a nonallosteric ClpY nanopore involves simultaneous unfolding and translocation effected by strong pulling forces.
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AAA+ protease | molecular machine | protein translocation I ntracellular regulatory mechanisms for selective destruction of proteins and disassembly of protein aggregates are critical for the maintenance of vital cellular functions (1) . Clp macromolecular machines, found in all domains of life from prokaryotes to multicellular eukaryotes (2) , perform such protein quality control using powerful ATPase components (3) (4) (5) (6) that effect protein unfolding and translocation through narrow pores. Clp (caseinolytic protease) ATPases, are members of the AAA+ (ATPases associated with diverse cellular activities) superfamily of proteins (7, 8) responsible for a variety of functions including intracellular transport, DNA replication and repair, and transcription regulation (9) (10) (11) . The best understood Clp ATPases are ClpA; ClpX and ClpY (HslU) (12) , which enable protein degradation by associating with peptidase subunits ClpP and ClpQ (HslV); and ClpB, which promotes disaggregation (13) (14) (15) .
Functional forms of Clp ATPases are homohexameric assemblies that form in the presence of ATP (16) . Monomers include one (ClpX, ClpY) or two (ClpA, ClpB) highly conserved nucleotide binding domains (17) , referred to as AAA domains (7, 18) . Crystal structures (19) (20) (21) and oligomeric models (22, 23) based on electron microscopy images (24, 25) reveal the presence of a central channel with a diameter of approximately 9-15 Å at the narrowest point. The channel is occupied by diaphragm-forming loops (one per AAA domain), which contain a conserved motif consisting of an aromatic-hydrophobic dipeptide flanked by glycine amino acids. These loops are implicated in the tightly regulated substrate selection mechanism that involves recognition of specific peptide tags, such as the Escherichia coli SsrA (sequence AANDENYALAA), fused to targeted proteins (26) .
Due to the narrow openings within the ATPase channel, SPs must be unfolded, a process that requires ATP hydrolysis for most proteins. Mechanical forces, that underlie the unfolding and translocation processes, arise from nucleotide-dependent displacements of channel loops coupled to strong loop-SP interactions (22, 27) . The loop movements are suggested to be asymmetric around the ATPase ring in view of uneven ATP binding affinity in each monomer (28, 29) .
Currently, the coupling between the allostery-driven motion of the loops and the unfolding and translocation of a fully flexible substrate is not completely understood. Recent computational studies (30) , that describe conformational transitions of ClpY using a coarse-grained approach, support a proposed paddling action of central channel loops (27) . These actions enable the unidirectional displacement of ClpY along an extended polypeptide chain restrained near the pore axis. Other computational studies (31) (32) (33) , which examine mechanical pulling of SPs through a nonallosteric pore, have identified distinct unfolding mechanisms from those found when the protein ends are pulled apart, as in atomic force microscopy (AFM) studies. An alternative approach (34) , focused on bulk unfolding by a constant pulling force modulated by a periodic force, determines shifts in AFM unfolding pathways. Overall, so far it has been a major challenge to perform computer simulations that capture the complex interplay of allostery, mechanical pulling, and translocation through nanopores that underlies the Clp ATPase function.
Here, we use a coarse-grained model to simultaneously probe these mechanisms over their associated long times cales. We identify the dynamic sequence of unfolding and translocation events of a model four-helix bundle protein (HBP) mediated by the ClpY ATPase (Fig. 1 ). An obligatory unfolding intermediate, which involves unraveling the C-terminal region, is minimally required to initiate substrate translocation. Further unfolding leads to low native-content SP conformations that are stabilized by the I domain of ClpY, which is located at the pore entrance, and are competent for translocation. Forces exerted by the loops onto the SP are found to be weaker relative to those required for SP unfolding in AFM experiments or for SP threading through a nonallosteric pore. N terminus fixed (see Methods and Table S1 ). We identify a major pathway (75% of simulations), in which the N-terminal helix unravels first, followed by the C-terminal helix and the contacts between the intermediate helices ( Fig. S1 and Movie S1), and a minor pathway (25% of simulations), initiated by C-terminal unfolding. The force-extension curves obtained from our simulations indicate peak unfolding forces of 50-100 pN (Fig. S1 ), which are on the order of forces of 25-35 pN observed in AFM studies of the triple helix bundle protein spectrin (35) . Our coarse-grained approach yields similar unfolding events to those obtained using implicit solvent simulations of the forced unfolding of spectrin and a four-helix bundle protein, the acyl-coenzyme A-binding domain (36) . Although the latter simulations are performed at higher pulling speeds than in our approach and pulling forces are about an order of magnitude higher than in experiments, the major pathways of SP unfolding involve the same sequence of helix unraveling. Overall, comparison with AFM experiments and implicit solvent simulations show that our coarsegrained approach reproduces the range of experimental forces and the microscopic details of unfolding events obtained in atomistic simulations of proteins. In accord with experimental studies, which indicate that ATP hydrolysis is required for the proteolysis of substrates (6), we find that SsrA tag binding to ClpY central channel loops does not result in HBP translocation in the nonallosteric pore case. In our simulations, HBP retains its native structure upon tag binding to ClpY (Fig. 2) .
To elucidate the factors involved in SP unfolding, we analyze the structural changes in HBP effected by the ATP-dependent conformational transitions of ClpY. In our simulations, sequential allosteric motions of ClpY, that result in cycling between open and closed pore states, are mimicked by conformational transitions of pairs of adjacent subunits (see Methods). We find that, during ATP-driven cycles, ClpY channel loops impart per- iodic mechanical forces on the bound SP. As a result, the folded part (HBP) of the HBP-SsrA fusion protein is brought in contact with the ClpY channel loops. The initial unfolding event, which consists of unraveling near the C terminus of HBP, takes place upon transient binding of the C-terminal amino acids to the ClpY channel loops. We quantify the strength of the interaction between the HBP C-terminal region and the ClpY channel loops through the interactions that involve two hydrophobic HBP amino acids, Leu70 and Leu71. As the attractive interaction between HBP amino acids Leu70 and Leu71 and ClpY channel loops strengthens from ≃ − 2 kcal∕mol to ≃ − 8 kcal∕mol, the fraction of HBP native contacts, Q N , decreases rapidly from a native-like value of 0.85 to ≃0.45 ( Fig. S2A) . We conclude that binding of the HBP C terminus to the ClpY loops is nearly simultaneous with HBP unfolding (Fig. S2B and Movie S2). These events occur on a fast time scale for HBP owing to the weak mechanical resistance of its all-α fold. By examining the first passage time over a large number of short simulations (see SI Text and Table S1 ), we find that the characteristic time for unfolding is τ u ≃ 0.68τ, where τ is the duration of one ClpY cycle. This mechanism of SP unfolding upon binding of the C-terminal region to ClpY channel loops, found in our simulations, is in accord with experimental studies (37) , which indicate that protease-mediated unfolding depends on the local structural stability of the SP near the degradation tag.
SP Translocation Occurs Through Stepped Transitions Mediated by
Repetitive Nucleotide-Dependent Motions of ClpY Channel Loops.
We distinguish two stages of ClpY translocase action. First, ClpY effects partial translocation of the unfolded chain without assistance from cofactors. Next, the ClpY action is complemented by the interaction of the translocated SP chain with the ClpQ peptidase, which is suggested to act through spring-like restraints for the polypeptide chain in the distal region (28) . In our simulations (Table S1 ), these actions are described by strong hydrophobichydrophobic interactions (λ ¼ 2.0, see Methods) between amino acids on the distal surface of ClpY and HBP-SsrA and, in the second stage, by harmonic restraints applied onto HBP-SsrA amino acids that are located within the distal region of ClpY (see Methods). During both stages, the power stroke of the ATPase cycle enables motions of ClpY channel loops that effect mechanical pulling of HBP. As a result, in the first stage, partial HBP translocation (shown as a transition between R g ≃ 27-35 Å, after t ∼ 2τ, in Fig. 3A ) takes place on a different time scale than unfolding (R g ≃ 15-27 Å transition in Fig. 3A) , with the characteristic time τ t;1 ≃ 24.6τ. This unassisted action of ClpY (Movie S3) results in an average translocated chain length hLi ≃ 37.2 Å. A large dispersion of the translocated chain length results is observed, with L max ≃ 99 Å, which exceeds the propagation of the entire C-terminal helix (L helix ¼ 60.8 Å) and its adjacent loop (L loop ¼ 11.4 Å). Our simulations of 50-100τ (Table S1) show that, in the unassisted stage, the translocated chain length is independent of the translocation time scale. The second stage of the ClpY action is initiated from configurations in which HBP is partially translocated through the ClpY pore (Table S1 ). The combined actions of allostery-mediated pulling by ClpY loops and the contribution of ClpQ facilitate the completion of the polypeptide translocation process within a characteristic time τ t;2 ≃ 20.5τ. We find that SP translocation (Movie S4), which is monitored through the time evolution of the length of the HBP chain propagated in the distal region of ClpY, occurs through sharp stepped transitions (Fig. 3B) . Abrupt jumps associated with these transitions indicate a high degree of cooperativity of the translocation events involving, at each step, partial or complete propagation of one helix and adjacent connecting loop(s) within HBP.
To examine the requirement of ATP-driven ClpY motions for the translocase activity during the second stage, we also performed a series of simulations of a nonallosteric ClpY pore with distal region restraints applied onto the SP (Table S1 ). Each of these simulations is initiated from a conformation of partially translocated HBP, obtained after the first stage action of ClpY. None of the simulations of the nonallosteric pore result in further HBP translocation within the time scale t ¼ 30τ > τ t;2 (Table S1 ), showing that nucleotide-dependent ClpY motions are required for translocation. Overall, our model supports a translocation mechanism by repetitive mechanical pulling, due to the SP interactions with the ATP-driven ClpY loops and SP unfolding prior to translocation.
The Unfolding Pathway Due to ATP-Driven Action of ClpY Involves an
Obligatory Nonnative Intermediate of the HBP. The interplay of unfolding and translocation, resulting from allostery-driven pulling by ClpY loops, leads to complex SP remodeling. As shown by the PðQ N Þ distribution (Fig. 2) , after 50 cycles of the first stage of the ClpY action the nonnative conformations of HBP partition into two clusters. One of these clusters comprises HBP conformations with Q N ≃ 0.5-0.6, which contain an unfolded C-terminal region and a nearly native three-helix bundle formed by the remaining helices. The second cluster involves HBP states with low native content, Q N ≃ 0.2-0.3. This partitioning is closely associated with the translocase action of ClpY, as significant unfolding of the substrate takes place during translocation. Consequently, the PðQ N Þ of partially translocated SPs is dominated by the population of low native-content conformations (Fig. S3A) . By contrast, in the absence of translocation, substrates are somewhat more likely to be found in a three-helix bundle than in a low nativecontent conformation (Fig. S3A) . Importantly, initial SP translocation does not require extensive unfolding. As shown in Fig. S3B , immediately prior (Δt ≲ 0.001τ) to translocation, the fraction of substrate conformations with low native content (Q N < 0.45) is approximately equal to that of the three-helix bundle state (0.45 < Q N < 0.65). This behavior implies that the minimal unfolding requirement for partial translocation is the destabilization of the SP near the degradation tag.
During the second stage of ClpY action, continued HBP translocation results in accumulation and partial refolding of the protein chain within the distal region of ClpY. As a result, translocated HBP chains acquire a larger native content than the partially translocated chains resulting from the first stage action (Fig. S3A) . The PðQ N Þ distribution for the translocated HBP structures is broad, with values ranging between ≃0.2-0.6 (Fig. 2) . These structures, which include a helical hairpin, are found among the nonnative structures of HBP obtained as a result of thermal denaturation (38) .
Reaction pathways and maps of probability density of Q N and R g , shown in Fig. 4A-C , indicate the SP conformations that are accessed kinetically due to the ClpY action. The initial unfolding near the C terminus of HBP results in a three-helix bundle (Q N ≃ 0.6) unfolding intermediate, termed U 1 . The N → U 1 reaction is an obligatory step for unfolding, independent of the ultimate success of SP translocation (Fig. 4A and C) . As shown in Fig. 4A , following the initial unfolding, translocation may take place either from the three-helix bundle conformation (the U 1 state) or from a low native-content conformation (U 2 ), leading to an extended conformation (U 3 ) with large R g (≃35 Å) and low native content Q N (≃0.25). During the second stage of ClpY action, completion of translocation yields a state (U 4 ) characterized by conformations with R g > 40 Å (inset of Fig. 4A ).
Moderate Transient Interaction of the SP with the I Domain of ClpY
Provides Unfolding and Translocation Assistance. The extensive hydrophobic regions exposed by the I domain (residues 110-243) of ClpY are favorable for binding nonnative SP conformations. In most transient SP-ClpY complexes, this interaction contributes E ≃ −30 kcal∕mol to the overall stabilization of the unfolded HBP conformation (Fig. S4 A and B) . In simulations that do not result in translocation, the stability and strength of the SP-I domain interaction is greater, as illustrated by the higher density of states around E ≃ 30 kcal∕mol and R g ≃ 22 Å, and for E < −40 kcal∕mol, respectively (Fig. S4 A and B) . Successful translocation is characterized by multiple binding and unbinding events of the SP to the I domain, resulting in a high density of states around E ≃ 0 kcal∕mol (Fig. S4A) . Thus, a moderate interaction of the SP with the I domain stabilizes the nonnative substrate conformation and assists translocation for conformers that do not establish stable contacts with the I domain.
Deletion of the I domain results in nearly complete loss of the translocase function of ClpY with only 5% of ClpYΔI simulations resulting in SP translocation (Table S1 ). By contrast, the unfoldase function is preserved in the mutant system (Fig. 4D) . Nevertheless, SP unfolding by ClpYΔI is mostly limited to unraveling the C-terminal region and the resulting SP conformations maintain significant native content particularly in the form of the three-helix bundle intermediate. Unfolding the substrate beyond the C-terminal region has a low probability due to a lack of favorable interactions between the nonnative conformation and the proximal surface of ClpYΔI. Overall, we surmise that the I domain is required to stabilize unfolded SP conformations to assist periodic mechanical pulling by the ClpY loops. These results are in accord with experimental studies (39) (40) (41) , which suggest that the N domains of ClpA and ClpX stabilize unfolded conformations of substrate proteins and facilitate effective translocation.
Weak Mechanical Forces Exerted by the ClpY Central Loops onto the SP Effect Unfolding and Translocation. Unfolding of the SP mediated by the allostery-driven conformational changes requires relatively small forces to be applied by the ClpY central loops (Fig. 5) . We find that HBP is unfolded by maximal forces of 74 AE 9 pN exerted by the loops. The reduced force requirement for the allosteric pore compared to the AFM-type pulling is rationalized by the contribution of multiple interaction centers on the proximal surface of ClpY to destabilize the SP. Furthermore, the loop-HBP interaction need not be continuous (Fig. 5) . After the initial unfolding event, further unraveling of the SP may be mediated exclusively by the I domain. Once the SsrA tag is propagated through the ClpY pore, HBP reenters the pore and experiences loop forces which promote productive translocation.
Mechanical Pulling of Substrate Protein Through Nonallosteric Pore
Leads to Simultaneous Unfolding and Translocation. In contrast to ATP-driven unfolding, pulling the HBP chain at constant force through the nonallosteric ClpY pore results in simultaneous unfolding and translocation (Movie S5) with little dispersion observed along the unfolding-translocation pathway (Fig. S5) . We find that a minimum force of F ¼ 105 pN is required to completely unfold and translocate HBP. This force threshold is consistent with the critical forces found in the AFM-type unfolding simulations (Fig. S1 ). However, in the nonallosteric pore case, unfolding is preceded by a slight enhancement of the native HBP structure, seen as a decrease in R g (Fig. S6A ) and an increase in Q N (Fig. S6B) . This effect is due to the combination between the pulling force and confinement near the proximal side of ClpY. Next, HBP unravels on a very fast time scale (∼0.065τ) (Fig. S6B) following a sequential pathway initiated from the C terminus. The unfolding is not strictly monotonic, as transient refolding involving helices 2 and 3 takes place. Overall, SP threading through a nonallosteric pore presents a distinct unfolding mechanism from both the ClpY ATPase and AFM-type experiments. We propose that the allosteric pore mechanism has been selected for its ability to effect unfolding and translocation without assistance from cofactors or environmental variations (for example, an electrostatic gradient).
SsrA Tag Mutations Impair Substrate Protein Recognition and Remodeling Actions. Mutagenesis experiments (42, 43) show that substitutions A10D and A11D within the SsrA peptide inhibit degradation of the GFP-SsrA by ClpX. Mutations at positions 1-8 of the tag show reduced substrate degradation compared with the wild-type SsrA (43) . To obtain insight into the mechanistic implications of these sequence variations of SsrA, we performed simulations of the fusion protein with three tag variants (Table S1 ). Within the coarse-grained level representation adopted here, we find that the A10A11-DD variant results in 50% lower binding probability and reduced translocation yield compared to the wild type (Table S1 ). In accord with experimental studies (43) , the glycine-rich variant G 8 LAA maintains the wild-type binding affinity, but it is not unfolded efficiently (Table S1 ). The third SsrA variant, D 2 AD 5 AD 2 , is unable to bind to ClpY. Allosteric-driven remodeling of fusion proteins that involve SsrA variants results in nonnative SP states similar to those of the wild-type HBP-SsrA ( 
Concluding Remarks
Our coarse-grained simulations reveal the unfolding and translocation mechanisms of a four-helix bundle substrate protein as a result of cyclical ClpY action. The crucial unfolding event, required for SP translocation, is the unraveling of the SP near the tagged C-terminal region. While the resulting obligatory three-helix bundle intermediate is competent for translocation, extensive unfolding may also take place at the pore entrance. The unfolded conformations must be stabilized through interactions with the I domain. If these interactions are transient and fall within a moderate range, the nonnative SP is translocated across the pore.
It is interesting to compare unfolding actions of nanomachines that are involved in distinct quality control mechanisms-namely, protein degradation (Clp ATPases) and protein folding (the GroEL chaperonin). GroEL binds misfolded conformations at the hydrophobic sites and encapsulates them in a predominantly hydrophilic cavity (44) . Distinct substrate remodeling actions result from allosteric-driven cycles of GroEL and Clp ATPases. GroEL effects iterative annealing of the substrate by alternating random disruptions of misfolded SP conformations with substrate confinement (45, 46) . Clp ATPases act indiscriminately on both native and nonnative contacts, because their ultimate function is to destroy the SP tertiary structure.
An important functional aspect of the ClpY ATPase mechanism concerns the efficacy of the allosteric mechanism for protein remodeling and translocation. Experimental studies point toward nonconcerted allostery, but the precise ordering of subunit motions is not clear (47) . Computer simulations of chaperonins mediated protein folding (48) also suggest that sequential and concerted motions are optimized for different substrate types. In accord with experiments, concerted simulations using our coarse-grained model (Table S1 ) do not result in SP translocation and unfolding of the substrate is limited to the three-helix bundle conformation (Fig. S3D) . Nevertheless, our current model, which describes sequential allostery through motion of pairs of subunits, does not provide the resolution to discriminate ordered and random motions. A more elaborate model will be developed to address the details of the allosteric mechanism.
Methods
Coarse-Grained Model of the ClpY ATPase-SP Interaction. Large time scales and length scales associated with Clp actions are prohibitively large for solvated, all-atom, simulations. To effectively address these challenges we use a residue-level model that incorporates the fundamental factors that are expected to contribute to SP unfolding and translocation. These are periodic conformational changes in Clp subunits that result in cycling between "open" and "closed" pore states and favorable interactions between central loops and SP. We use a "united atom" description of the protein chain that represents amino acids, classified as hydrophobic (B), hydrophilic (L), or neutral (N) (38) , as spherical particles located at C α atom positions (49) . The CHARMM program (50) is used to perform Langevin dynamics simulations at T ¼ 300 K of the ClpY-mediated unfolding of HBP-SsrA (Table S1 ) using a friction coefficient of 1 ps −1 and a time step of 25 ps. Minimalist model studies of mechanical pulling of a bulk GFP monomer (51) are found to be in good agreement with experiments (52).
Protein Model and Protein-Protein Interactions. We choose the designed four-helix bundle protein (HBP) (53) for probing ClpY-mediated translocation and unfolding. The interaction energy, in terms of the cartesian coordinates
where V BL is the bond length, V BA and V DA are the bond angle and the dihedral angle potentials, respectively (38) . In this BLN model the nonbonded potential is V NB ¼ ∑ ij V ij ðr ij Þ ¼ ∑ ij 4ϵ ij ½ðσ ij ∕r ij Þ 12 − ðσ ij ∕r ij Þ 6 and r ij is the distance between residues. The nonbonded potential includes attractive B-B interactions, and repulsive interactions for any other pairs (see SI Text for interaction parameters). Local (dihedral angle) interactions favor either α-helical (for B and L residues) or loop conformations (N). The SsrA tag is covalently fused at the C terminus of HBP and all of its bonded interactions are modeled to favor loop conformations. Nonbonded ClpY·HBP-SsrA interactions are given by V Gi ;Hj ¼ λ Gi ;Hj V HBPi ;HBPj where G ¼ fClpY;SsrAg, H ¼ fSsrA;HBPg and ij ¼ fB;L;Ng (see SI Text for interaction parameters).
ClpY Model. To model the open (closed) ClpY state we use the Protein Data Bank (PDB) structure 1DO2 (1DO0) (19) . These two asymmetric structures (28) were highlighted due to the observation that at least two subunits in the ClpX ring remain nucleotide-free (29) . The 1DO0 structure has a narrower pore than 1DO2 (diameter d ≃ 8 Å vs. 19 Å), and its conserved channel loops (GYVG motif) are displaced by ≃8 Å toward ClpQ. ClpY residues are either constrained to fixed positions corresponding to the crystal structures or move along straight paths as the allosteric transitions take place, a procedure in the spirit of targeted molecular dynamics (54, 55) . tion, ClpY residues of subunits that undergo allosteric changes are constrained to move at a constant velocity along a path connecting their open and closed positions (46) . The motion of the ClpY residues is a reasonable approximation of the rigid-body motion of the domains of ClpY subunits. A complete ClpY cycle is realized by six moves of equal duration involving two adjacent subunits. Within each subunit pair, a single subunit has ATPase activity. Each cycle is simulated over 6,000,000 steps (0.15 μs); therefore ClpY amino acids move at speeds on the order of (10 5 -10 4 μm∕s). While these speeds are large, they are unlikely to affect the qualitative results of SP unfolding due to ClpY allostery.
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